Natural products containing phosphorus-carbon bonds have found widespread use in medicine and agriculture 1 . One such compound, phosphinothricin tripeptide, contains the unusual amino acid phosphinothricin attached to two alanine residues. Synthetic phosphinothricin (glufosinate) is a component of two top-selling herbicides (Basta and Liberty), and is widely used with resistant transgenic crops including corn, cotton and canola. Recent genetic and biochemical studies showed that during phosphinothricin tripeptide biosynthesis 2-hydroxyethylphosphonate (HEP) is converted to hydroxymethylphosphonate (HMP) 2 . Here we report the in vitro reconstitution of this unprecedented C(sp 3 )-C(sp 3 ) bond cleavage reaction and X-ray crystal structures of the enzyme. The protein is a mononuclear non-haem iron(II)-dependent dioxygenase that converts HEP to HMP and formate. In contrast to most other members of this family, the oxidative consumption of HEP does not require additional cofactors or the input of exogenous electrons. The current study expands the scope of reactions catalysed by the 2-His-1-carboxylate mononuclear non-haem iron family of enzymes.
O into HMP was assessed using liquid chromatography-MS (LC-MS). Approximately 60% of HMP contained 18 O (m/z 115), with 40% containing 16 O (m/z 113; Fig. 2c ). This result was unexpected because the primary alcohol of HMP did not exchange under the reaction conditions. In an effort to understand the lower than expected 18 O content in HMP, the reaction was also performed in the presence of 80% (v/v) H 2 18 O (95 atom per cent)/H 2 16 O. LC-MS analysis revealed 69% 2- 16 O-HMP and 31% 2- 18 O-HMP ( Supplementary Fig. 3 ). When corrected for the 18 O content of the labelled water, the two complementary experiments ( 18 O 2 and H 2 18 O) are in good agreement and indicate the intermediacy of a species in which oxygen derived from O 2 exchanges with water. These results also demonstrate that HEPD is a dioxygenase. The results of all labelling studies are summarized in Fig. 2d .
HEPD does not have sequence homology with other proteins in the databases except for enzymes that probably catalyse the same transformation judging from their operon context. To gain threedimensional information, the structure of HEPD was determined by *These authors contributed equally to this work. The biosyntheses of the commercial herbicide phosphinothricin (boxed in the phosphinothricin tripeptide (PTT) structure) and the clinically used antibiotic fosfomycin share several early steps starting with phosphoenolpyruvate before the pathways diverge after formation of HEP 2, 20 . HEPD catalyses the unprecedented conversion of HEP to HMP (for the steps from HMP to PTT, see Supplementary Fig. 8 ). The structurally related enzyme HppE converts HPP to fosfomycin 21 .
Vol 459 | 11 June 2009 | doi:10.1038/nature07972 single-wavelength anomalous diffraction data collected from crystals of selenomethionine-incorporated protein, and refined to a Bragg limit of 1.8 ångström (Å ). Crystallization was contingent on the presence of 50 mM CdCl 2 in the precipitant. The overall structure consists of imperfect tandem repeats of a bi-domain architecture ( Fig. 3a) . Each of the repeats is composed of an all-a-helical domain linked to a b-barrel fold characteristic of the cupin superfamily 6 . Despite the lack of appreciable sequence similarity, each of the two repeats is structurally homologous to the monomer of HppE 7 , a nonhaem iron-dependent enzyme that converts (S)-2-hydroxypropylphosphonic acid (2-HPP) to fosfomycin ( Fig. 1 ). However, the repeats of HEPD are not entirely discretely folded domains as the b-barrel domain of the first repeat is composed of interlacing b-strands from different parts of the molecule.
The disposition of the tandem domains of HEPD recapitulates many of the elements of the quarternary structure of HppE 7 , with the tandem arrangement found in HEPD structurally analogous to one-half of the HppE tetramer. This tetramer is stabilized through crossover interactions between the a-helical domains of the individual monomers. In contrast, the tandem arrangement in HEPD is held in place by two short orthogonal a-helices located at the junction between each helical and b-barrel domain (Fig. 3b ). The b-barrel fold of the first repeat contains all of the canonical active site elements of non-haem iron enzymes, including a 2-His-1-Glu facial triad 3 . A Cd(II) ion is situated at the base of the active site and is coordinated by His 129, Glu 176 and His 182 ( Fig. 3c ). Well-defined spherical electron densities have been modelled as three water ligands forming a six-coordinate metal centre. The constellation of metal ligands is similar to that of HppE, but the disposition of these ligands within the b-barrel is not conserved because Glu 176 of HEPD is situated on a different b-strand to the equivalent Glu 142 of HppE 7 . Furthermore, the spacing between the first two metal ligands in HEPD (HX 46 E, where X represents any amino acid) is unique as these residues are closely spaced (HX 1-4 E/D) in other facial triad enzymes 7 . In the second repeat in HEPD, the canonical 2-His-1-Asp/Glu is replaced by an arrangement of 2-His-1-Asn, and steric occlusion by residues Tyr 358 and Lys 404 precludes formation of a competent metal-binding pocket. Combined with the observed requirement for one equivalent of iron for full enzyme activity, the second repeat is probably vestigial and does not participate in catalysis. Given the structural similarity to the epoxidase HppE, HEPD was incubated with 2-HPP, the substrate for HppE. 2-HPP was converted to 2-oxopropylphosphonate (2-OPP), rendering the enzyme inactive in the process ( Supplementary Fig. 5 ). No evidence was found for hydrogen peroxide formation in this transformation.
Attempts to produce crystals of Fe(II)-HEPD have failed owing to the high concentrations of Cd(II) required for crystallization. Crystals of SeMet-labelled Cd(II)-HEPD were grown in the presence of HEP and solved to a resolution of 1.92 Å , revealing electron density consistent with bidentate coordination of substrate to Cd 21 (Fig. 3d ), which is similar to that observed for binding of 2-HPP to Co(II)-HppE 7 . In the HppE co-crystal structures, substrate binding induces substantial reorganization of the active site. In contrast, binding of HEP to Cd(II)-HEPD results only in the torsional movement of Tyr 98 about x1 (the torsion angle between the aand b-carbons), resulting in a hydrogen bond interaction (2.3 Å ) with one of the phosphonate oxygen atoms of the substrate. An additional hydrogen bond interaction occurs between N2 of Asn 126 (2.8 Å ) and a different phosphonate oxygen.
Although oxidative scission of carbon-carbon bonds is well documented, previously characterized proteins typically act on substrates that contain aromatic 3 , alkene 8 or 1,2-dihydroxy 9 functionalities. No such activating groups are present in HEP, nor does HEPD need multiple successive oxidations such as in P450-mediated cleavage of the C20-C22 side chain of sterols 10 . Figure 4 presents a working model for the HEPD reaction. The substrate is proposed to bind to Fe(II) in a bidentate manner followed by reaction with O 2 , resulting in a Fe(III)-[O 2 2 ] intermediate. This species is proposed to abstract a hydrogen atom from C2 of HEP to generate intermediate II, akin to similar steps proposed for isopenicillin N synthase and myo-inositol oxygenase 9, 11 . One important difference between isopenicillin N synthase and HEPD is that the former contains a sulphur ligand from the substrate that has been suggested on the basis of computational studies to stabilize the Fe(III)-[O 2 2 ] intermediate and overcome the unfavourable energetics of O 2 binding and activation 12 . Although a thiolate ligand is lacking in HEPD, the observation that external electrons are not required leaves no alternate pathways to convert intermediate I into a more reactive species found in other non-haem iron oxygenases 4 . Furthermore, HEP does not have low-energy electrons that can be provided by the substrate, as in the extradiol dioxygenases that use highly electron-rich catechol substrates. HEPD also does not contain other nearby metals that are important for activity, in contrast to the binuclear iron enzyme myo-inositol oxygenase 13 . Hence, the only option for HEPD seems to be hydrogen atom abstraction from C2 by intermediate I to produce the hydroperoxo complex II and a substrate radical.
Two different pathways can be envisioned to account for the labelling studies. The substrate radical could attack the hydroperoxide generating a ferryl species (Fe(IV)5O) and a hemiacetal (Fig. 4) . The latter can undergo a retro-Claisen type-C-C bond scission with the incipient negative charge on C1 attacking the electrophilic ferryl, potentially by means of a Horner-Wadsworth-Emmons-like intermediate stabilized by metal coordination. A ferryl would account for the required intermediacy of a species in which oxygen derived from O 2 can exchange with solvent [14] [15] [16] [17] [18] [19] (Supplementary Fig. 6 ). A second Supplementary Fig. 6 ). Alternatively, intermediate II could be converted to the alkyl hydroperoxide III (hydroperoxylation), which can undergo a Criegee-type rearrangement to generate formyl-HMP. Hydrolysis must then occur at the methylene carbon to account for the oxygen labelling studies. Filled circles represent oxygen derived from O 2 and half-filled circles represent oxygens originally derived from O 2 that have exchanged with water. L, undefined metal ligand. NATURE | Vol 459 | 11 June 2009 LETTERS mechanism that can account for the observed data involves conversion of intermediate II to the hydroperoxide III, which can undergo a Criegee-type rearrangement to provide the formate ester of HMP ( Fig. 4 ). Hydrolysis of this ester is expected to occur at the carbonyl carbon, but such a mechanism would not account for the incorporation of oxygen derived from solvent into HMP. This observation can be explained if hydrolysis took place via attack at C1 by solventexchangeable hydroxide released in the Criegee rearrangement. Both models can also explain the observed conversion of 2-HPP into 2-OPP, with the additional methyl group in the substrate inducing the cleavage of a C-O bond instead of a C-C bond to form a ketone ( Supplementary Fig. 7) . However, the lack of hydrogen peroxide production in this latter transformation favours the hydroxylation mechanism over the hydroperoxylation model. Further studies will be required to provide insights into the factors that result in epoxide formation by HppE and C-C bond cleavage by HEPD.
METHODS SUMMARY
HEPD was purified by immobilized metal affinity chromatography. Iron analysis 22 on the as-isolated protein revealed iron content below the detection limits (0.05 equivalents) whereas fully active, Fe(II)-reconstituted protein contained 0.99 6 0.05 equivalent of Fe per polypeptide. Typical aerobic assays contained, in a final volume of 1,000 ml: 50 mM K 1 -HEPES, pH 7.5, 2-10 mM HEPD, 5-10 mM HEP or isotopically labelled HEP. Formate produced was derivatized at 20 uC using 0.5 ml N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTBSTFA) plus 0.1% tert-butyldimethylsilyl chloride (TBDMSCl) for 20 min and monitored by GC-MS. HMP produced was analysed by LC-MS using atmospheric pressure chemical ionization (APCI). The stoichiometry of formate to HMP produced during the HEPD reaction was determined by 13 C NMR spectroscopy. The potential for 18 Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
